Abstract-Based on the situation of the construction and software industry, this paper presents a multi-skilled human resource scheduling model which considers the skill and the salary of the workforce at different levels. It introduces a novel cuckoo search (CS)-based approach to optimize the objective function which combines the minimization of the makespan and the project cost. The proposed approach takes the priority coding scheme to code for each job, and adopts the serial schedule generation scheme to sequentially allocate the start time and resources for one job with highest priority at a time. To match the discrete nature of the solution, the Lé vy flight operator of CS algorithm, which is originally suitable for continuous variable, has been modified. The CS-based approach has been implemented by using MATLAB R2010b and tested by a project taken from the literature, which contains 18 jobs and 6 multi-skilled workers. The results yielded by the CS-based approach have been found to significantly outperform genetic algorithm. This demonstrates that the cuckoo search algorithm based approach is suitable for scheduling the complicated resource constrained project with multi-skilled workforces.
INTRODUCTION
Scheduling the human resource/workforce for a given project is a crucial decision-making task because good scheduling scheme can reduce cost, save time, and ensure the quality for the company and organization [1] . This paper focuses on multi-skilled workforce scheduling problems which is of great importance in construction, software and manufacture industry, etc. In construction area, workforce is spread to various posts at a certain time as bricklayers, carpenters, plumbers and solid plasterer, etc. The scheduling of the workforce conducted is subject not only to the precedence relations of the jobs, but also to legal constraints, and preferences of project makespan's requirements. The complexity of the problem derives from a large quantity of workforce for various posts. In different posts of the construction projects, the necessary human capabilities (such as skill, experience, productivity) vary. Moreover there are many types of skills at different levels. This is what is called multiskilled human resource scheduling problem.
Solving multi-skilled human resource scheduling problem is generally undertaken in three or four steps according to its complexity [2] . From the perspective of the complexity, the resource-constrained project scheduling problem is an NP-hard problem [3] . The main objective of scheduling is to increase operational efficiency by completing tasks within the given time and the given human resources, and researchers have been trying to develop many algorithms to optimize the solution. In general, the existing optimization algorithms can be roughly classified into two categories: exact (deterministic) algorithms and heuristic algorithms.
Exact algorithms considered the problem of scheduling as a mere mathematical problem of optimization, and the approaches were based on applying mathematical models such as enumerative procedures, mathematical programming, and techniques like linear programming, etc. to get the optima. For example, Li and Womer [4] developed a hybrid MILP/CP algorithm to solve the scheduling problem of the resource-constrained project by employing the multi-skilled personnel to minimize the total costs. Bucker et al. [5] proposed a branch and bound algorithm the resource constraint for the resourceconstrained project scheduling problem. Liu and Wang [6] proposed a makespan optimization model by introducing the concept of multi-skilling to integrate single/multipleskilled resources. In [7] , an improved MIP-based approach was presented for a multi-skill workforce by repeated application of a flexible matching model that selects tasks to be processed. All the above algorithms obtained good performance when dealing the small scale scheduling problems. But it is not efficient to use them to handle large scale scheduling problem due to the combinational nature of these exact algorithms.
But with advancement of computing speed and evolutionary algorithms such as Ant Colony (AC), Simulated Annealing (SA), Genetic Algorithm (GA), Particle Swarm Optimization (PSO), etc. which can deal with complexity effectively, researchers applied them to various scheduling problems [8] . In [9] , an optimization method integrated ant colony algorithm with genetic algorithm was proposed, and it was applied into construction project scheduling, and the scheduling performance was improved. Drezet and Billaut [10] put forward the linear programming formulation and proposed greedy algorithms to solve the scheduling problem. A novel schedule generation scheme (SGS) was designed in [11] , it allows to insert an unscheduled job of decision set inside the optimal insertion position of a partial schedule at each iteration of serial scheduling, and also allows to right-shift some already scheduled jobs. Wu and Sun [12] formulated a mixed nonlinear program for staff scheduling, and proposed a genetic algorithm to solve it. A hybrid Benders decomposition algorithm was presented by Wang and Sun, etc. [13] to solve a project scheduling problem with multi-skilled workforce constraints. Wongwai and Malaikrisanachalee [14] presented a heuristic approach that simplifies the calculation process in solving the multi-skilled resource scheduling to obtain the shortest project makespan. This method includes the rigorous sequence of resource allocation and substitution rules where priority are taken into consideration. These studies present effective models and methods to solve the human resources scheduling problems in various situations, and the computational results showed heuristic algorithms yielded significant performance over the deterministic scheduling approaches for large problems. But to achieve the best performance, some parameter should be well tuned in the mentioned methods, which is often time-consuming and sensitive.
Different from physical resource or machine scheduling, human resource scheduling approach will focus on the generation of shift schedules in the production and service situations following labor laws, legal constraints [15] , and the necessary human capabilities(such as skill, experience, productivity). In this paper, the skill level and the salary of the workforce with multiple skills of different levels are taken into consideration in the constraint-driven scheduling model. And the optimum solution to the scheduling problem has been obtained by adopting a CS-based approach which has been developed by Yang and Deb [16] . They developed this algorithm and presented its performance on various standard testing functions, which showed that it can outperform traditional GA, PSO, etc. because of its efficiency and simplicity. Moreover, they applied the cuckoo search on engineering optimization by solving engineering problems such as spring design optimization and welded beam design [17] . Due to much less parameter involved, the cuckoo search can be widely applied in many other engineering problems to efficiently find global optima. So, in this paper, the CS algorithm with needed modification is utilized to solve the multiskilled workforce scheduling problems. The schedule results have been then compared with other existing heuristic algorithms to evaluate the effectiveness of the cuckoo search-based approach.
The remainder is organized as follows: the scheduling model of the multiskilled workforce scheduling model is described in Section II. In Section III, cuckoo search algorithm is introduced and modified to solve the scheduling model. The performance of the proposed method is experimentally evaluated with a comparison to GA-based method in Section IV.
II. SCHEDULING MODEL OF THE MULTISKILLED WORKFORCE WITH RESOURCES CONSTRAINS
The scheduling model of the multiskilled workforce scheduling with resource constrains can be described as follows: m multi-skilled workers with different skill levels are required to complete one project which contains n jobs (activities). Workforce are scheduled for the jobs so that all the required temporal and resource constraints can be met, and the state of the schedulable time and the workload of the scheduled human resources could be assigned.
Some definitions of symbols are adopted as follows [18] : A. Constraint Condition i) Job constraint: each job is allocated at least to one worker, except the start and the end job. 
B. Objective Functions For scheduling, the primary need is to define objective functions for which optimum schedule are desired, so the following objectives are among the most common objectives.
(a) minimizing the makespan, here (10) In this paper, the objective of the schedule is the combination of the minimizing of the makespan and the cost. The makespan in (a) is normalized as: norm max(makespan)-makespan+1 makespan = max(makespan)-min(makespan)+1 (11) and the cost in (b) is normalized as: norm max(cost)-cost+1 cos t = max(cost)-min(cost)+1 (12) Then, the final objective to be minimized is defined as: W are two weight parameters to be set. After every generation of the cuckoo search, every individual in the population, i.e., feasible schedule, will be evaluated for the combined objective function.
III. CUCKOO SEARCH ALGORITHM FOR SCHEDULING OPTIMIZATION MODEL
The cuckoo search algorithm is based on the brood parasitism of some cuckoo species by laying their eggs in the nests of other host birds and the characteristics of Lé vy flights of some birds and fruit flies [16] .
Each egg in a nest represents a solution, and a cuckoo egg represents a new solution. The aim is to employ the new and potentially better solutions to replace the not-sogood solutions in the nests. In the simplest form, each nest has one egg. For the simplicity of the implementation of the algorithm, the CS is based on three idealized rules [16] . Based on these three rules, the basic steps of the CS can be summarized as the pseudo code shown in Fig. 1 . When new solutions x(t+1) are generated for, say, cuckoo i, a Lé vy flight is performed 
The Lé vy distribution has an infinite variance with an infinite mean. Here, s is the step length drawn from a Lé vy distribution.
For simplicity, the third assumption of the rules can be approximated by a fraction "p a " of the n nests being replaced by new nests (with new random solutions at new locations). If a random number r>p a , otherwise, the solution is retained.
A. Implementation of the Cuckoo Search for Scheduling Optimization
The procedures in the cuckoo search scheme may be implemented as follows: 1) One excel file is prepared where each part of the job, its processing time, penalty cost, and other information are put in various columns. Matlab can load this file during coding.
2) Initial nests (solutions of jobs) were generated randomly, and objective function values of each nest are calculated.
3) A cuckoo is generated randomly, then its objective function value is calculated and compared with that of randomly chosen nest; if the cuckoo is better, it replaces the chosen nest; otherwise, it leaves it intact.
4) Several worst nests are chosen to replace them with new nests via Lé vy flight method as well as by random generation.
5) Solutions are ranked and then cuckoo is updated again via Lé vy flight. 6) goto 3) until maximum loop counter as the termination criteria has been reached.
B. Design of Coding
The algorithm coding process is the project scheduling process referring to the precedence relations and job priority. In general, there are two forms of solution coding, i.e., the permutation-based (or job list) coding and priority-based (or random key) coding [19] . The latter is adopted in this paper. For this form, each element in the chromosome represents a job, and the corresponding value of each element stands the priority with which a job is scheduled to start.
The aim of heuristic methods is to handle conflicts in scheduling multiple jobs according to the priorities; the jobs whose predecessors are all completed and which require no more resources than available amounts at the time, will have higher priority values; these jobs have the priority to be allocated the resources needed and to be scheduled over the ones with lower priority values. Priority value of a job depends on some factors as well as scheduling model. Specifically, the position vector of the host nest 
C. Serial Schedule Generation Scheme for the PriorityBased Coding of CS
When the priority-based coding is used for the scheduling model, the solution should be transformed to an active schedule based on precedence constraints and available resources so that the nest can be evaluated during searching for an optimal schedule. While the serial and parallel methods are both applicable to the prioritybased coding [20] , the serial one is chosen here. At each stage of the serial method, only one job is scheduled. Considering the resource constraints and the descending order of the priority values of jobs, each job should be selected to be scheduled at each stage after its predecessors have been finished. When a job has been tested and the currently available resources are sufficient to complete it, this job is scheduled at the minimal of its earliest precedence times. One example of the priority coding and the serial scheduling generation scheme is illustrated in Fig. 2 and Table 1 . As shown in Fig. 2 , there are one sharing resource (K=1) and with a maximum available amount of 6(R1=6), 9 jobs with job ID 1~9 are represented with a node and their precedence denoted with an arrow, each job has a duration d j and requires resource R1 with an amount of r j1 . As shown in Table 1 , each job is coded with a decimal within [-5, 5] and with 5 effective digits, and the start time given by scheduling is listed in the third line. 
IV. EXPERIMENT
In this part, a human resource scheduling with 18 jobs and 6 workers from literatures [18] is used to validate the efficiency of the cuckoo search algorithm-based approach.
A. Experiment Design
Assume that the worker's days-off have already been set and that the workers work only five days a week in the company. And the cost includes only the worker's salary. The two algorithms have been implemented in Matlab® R2010b. The computations are performed on a PC with CPU of Pentium® Dual-Core 2.1 GHz and 2 GB RAM. Each job's precedent relationship, requirements of the workers and the skill, the weight of skill and the level of skill are given in Table 2 . The skill level and the salary of each worker is given in Table 3 . The detailed job relationship is given in Fig. 3 .
B. Results
In the experiment, the related parameters chosen for the given problem are: population size(n)=30, p a =0.25. The parameters W 1 and W 2 are set to 0.8 and 0.2, respectively. The experiments with GA and CS algorithms have been run for different iterations. It has been found that less iterations, less satisfactory are the result, as the iterations increase, better results are yielded.
After running the program for different iterations, the cost got by GA is 178355, and by CS is 177050 corresponding to 100 iterations respectively. The Gantt chart of scheduling results by the two algorithms are presented in Fig. 4 . We can find that the makespan is 100 weeks by CS algorithm, which is more efficient than 108 weeks used by GA algorithm. Clearly, CS-based scheduling scheme outperforms GA-based scheme for minimizing the makespan and cost for this human resources scheduling. T0   T1   T3   T2   T5   T8   T12   T4   T11   T10   T16   T19   T9   T13   T14   T7   T6   T18   T17   T15   PW: 40  50  60  70  80  90 100 110   P1   P3   P2   P4   P5   P6   T12   T6   T3  T8   T2  T5  T15  T10 T13   T4  T14   T16  T7   T1  T11  T9  T17  T18 108   0  10  20  30  40  50  60  70  80  90 100 110   P1   P3   P2   P4   P5   P6   T12   T6   T3   T8   T2   T5   T15  T10   T18   T4  T14  T16   T7   T1  T11   T9   T17   T13   100 Time ( V. CONCLUSION This paper has tried to apply a CS-based approach in solving a multi-skilled workforce scheduling with the skill and the salary of the workforce at different levels. The detailed implementation of the algorithm is presented, including the priority coding scheme, the serial schedule generation scheme, and the modification to the Lé vy flight operator of CS algorithm. The results obtained by the CS-based approach are found to be much better than that obtained by the GA method. The comparative study of the performance of the CS algorithm and that of the GA algorithm reveals that our new CS in combination with Lé vy flights proves to be more efficient and superior to GA algorithm in the given test problems. This is partly due to the fact that there are fewer parameters to be finetuned in CS than in GA. In fact, apart from the population size(n), it has only one parameter p a .
